Nanocrystalline thin films of Sb 37.07 Mn 1.95 Se 60.98 with different thickness (7, 20, 40 , and 80 nm) were successfully prepared via inert gas condensation technique. As-deposited films showed amorphous structure by grazing incident in-plane X-ray diffraction (GIIXD) technique. All films of different thicknesses were heat treated at 433 K for 90 min. The GIIXD pattern of annealed films showed nanocrystalline orthorhombic structure. The effect of thickness of annealed films on the structure and optical properties was studied. Calculated particle sizes are 20.67 and 24.15 for 40 and 80 nm thickness of heat treated film. High resolution transmission electron microscope HRTEM images and their diffraction patterns proved that 40 nm film thickness annealed at different temperature has nanocrystalline nature with observed (high) crystallinity that increases with annealing temperature. Blue shift of optical energy gap was observed from 1.68 to 2 eV with decreasing film thickness from 80 to 7 nm. Film thickness of 40 nm was exposed to different heat treated temperatures from 353 to 473 K to detect its effect on structure and optical and electrical properties. Blue shift from 1.73 to 1.9 eV was observed in its optical band gap due to direct transition as heat treatment temperature decreasing from 473 to 353 K. Electrical conductivity was studied for different heat treated films of thickness 40 nm, and intrinsic conduction mechanism is dominant. The activation energy was affected by heat treatment process.
Introduction
Thin film technology is very important for many modern and promising technological applications, hence the emphasis on examining the surface science increasing the interest of physicists on account of its proven and many semiconductor devices applications like solar cells. Among these thin films, nanostructure thin films occupy large area in most modern applications because of its unique new properties that depend on the size quantization effect [1] .
V 2 -VI 3 semiconductor group attracts the attention of many scientists as a result of their physical properties that make them relevant in many applications [2] . Thin films of Sb 2 S 3 and Sb 2 Se 3 specially have a great interest in switching, microwave, and optoelectronic applications [2] [3] [4] . Sb 2 Se 3 is considered a promising candidate for verifying >20% device efficiency as previously verified from theoretical calculations [5, 6] . Antimony (Sb) and selenium (Se) are abundant and nontoxic elements that produced Sb 2 Se 3 compound more suitable for photovoltaic application [7] [8] [9] . Nanostructure thin film of Sb 2 Se 3 was previously discussed [10] . Sb 2 Se 3 crystallized in orthorhombic structure and characterized by strong absorption coefficient (>10 −5 cm −1 ) [3, 8] .
Many researchers studied the effect of incorporation of Mn atoms on V 2 VI 3 compounds [11] [12] [13] [14] [15] . In the earlier studies, chemical preparation methods such as solvothermal method [16] [17] [18] [19] , hydrothermal method [20] [21] [22] , organometallic synthetic route [23] , and microwave-assisted method [24] were used to synthesize Sb 2 Se 3 nanomaterials.
In the present work, the synthesis of Sb 1− Mn Se 3 nanomaterial was demonstrated by inert gas condensation (IGC) as a physical method. Two effects were studied for the synthesized films. First, the effect of film thickness on the optical properties was discussed. Second, the effect of heat treatment on the structure and optical and electrical properties was demonstrated. 
Experimental
Thin films of Sb 1− Mn Se 3 of different thickness (7, 20, 40 , and 80 nm) have been synthesized via inert gas condensation (IGC) method on freshly cleaned glass substrates at 300 K. Edward coating unit Model E-306 was used to synthesize thin films under background argon gas with pressure of ∼2 × 10 −3 Torr. Gold quartz crystal sensor was attached to thickness monitor (FTM5) used for recording the film thickness during deposition process. Heat treatment process was performed on different thickness of films at 433 K for 90 min. Film of thickness 40 nm is exposed to heat treatment at different temperatures of 353, 393, 433, and 473 K for 90 min.
The quantitative chemical analysis of the thin film was determined using energy dispersive X-ray analysis (EDX) technique. The EDX unit connected with field emission scanning electron microscope.
Grazing incident in-plane X-ray diffraction (GIIXD) technique was used to examine the structure of thin films using Philips X'Pert diffractometer with CuK . High resolution transmission electron microscope (HRTEM) was used to inspect the micrographs and structure of films. The surface morphology of the thin films was inspected by field emission scanning electron microscope (FESEM) Model Quanta FEG 250, Czech Republic. Double beam spectrophotometer (Model JascoV-570) was used for recording transmission and reflection spectra of thin films in the spectral range from 190 to 2500 nm at room temperature.
The d.c. electrical conductivity of heat treated film of thickness 40 nm at different temperatures was measured in vacuum of ∼10 −2 Torr at Pyrex cryostat. The resistance of thin films was recorded between two silver electrodes to ensure good ohmic contact using 6517B Keithley electrometer. The temperature of thin film was determined during experiment using -type thermocouple as a temperature sensor.
Results and Discussion
Thin films of different thickness of Mn doped Sb 2 Se 3 (7, 20, 40 , and 80 nm) were deposited by inert gas condensation (IGC) technique. The elemental chemical composition analysis of the successful deposited thin film of thickness 80 nm on stub of carbon was measured. The EDX results demonstrate that the thin film is composed of the elements Sb, Mn, and Se with the atomic ratios (at %) of 37.07, 1.95, and 60.98 respectively. This confirms that the chemical composition of examined films is Sb 37.07 Mn 1.95 Se 60.98 as derived from the EDX results.
The most effective way to understand the constituent of thin films is obtained through analyzing their structural, electrical, and optical properties. Therefore, the effect of both thickness of annealed films and annealing will be discussed on basis of their structural and physical behaviors.
The grazing incident in-plane X-ray diffraction (GIIXD) patterns of Sb 37.07 Mn 1.95 Se 60.98 films of constant thickness 80 nm and different conditions of being as-deposited and heat treated at 433 K for 90 min at vacuum of 10 −2 Torr were recorded in Figure 1 . The X-ray pattern of as-deposited film showed amorphous structure due to the absence of any diffraction peaks as seen in Figure 1 (a). Otherwise, definite diffraction peaks are observed in X-ray pattern for heat treated film (Figure 1(b) ). These diffraction peaks indicated crystallization with orthorhombic structure according to the X-ray international card (number 15- 
where is the crystallite or particle size, is the Xray wavelength, represents the particle shape factor, and represents the peak full width at half maximum. The estimated particle size of heat treatment film (80 nm) is about 24.15 nm. This range indicated that the film crystallizes due to being heat treated at 433 K for 90 min at nanocrystalline orthorhombic structure.
Thin film of thickness 40 nm was annealed at different temperatures and the effect of annealing temperature was studied on its structure. Figure 2 shows GIIXD patterns of thin film (40 nm) annealed at 353, 393, 433, and 473 K for 90 min. The Xray patterns for thin film after being heat treated at 353 K (Figure 2 (a)) showed very low crystallinity with the absence of sharp X-ray peaks, whereas high resolution transmission electron microscopy (HRTEM) examination for the same heat treated film at 353 K, resulting in diffraction pattern that showed some definite rings as illustrated in the inset diffraction pattern in Figure 2 (a). These definite rings indicate the presence of crystalline nature for the examined heat treated film at 353 K. This emphasizes that the HRTEM could give more information for examining the structure of thin films with low thickness.
On the other side, for the GIIXD studies, the crystallinity starts to appear after thin film was heat treated at 393 K as illustrated in Figure 2 (b). This crystallinity is represented by appearance of some small diffraction lines which crystallized in a single phase of an orthorhombic structure with planes of orientation (120), (130), (230), (240), (530), and (061), while after heat treatment at higher temperatures 433 and 473 K (Figure 2(c, d) ), the crystallization increases by appearance of more diffraction lines with higher intensities than those illustrated for heat treated film at 393 K. The insets of HRTEM diffraction pattern for heat treated films at 393, 433, and 473 K shown in Figure 2 (b, c, d), respectively, confirm the increase in crystallinity of the studied films with increasing the annealing temperature. From Figure 2 , it is concluded that the crystallinity of 40 nm film thickness improved with rising annealing temperature, resulting in the degree of crystallinity dependence on the heating temperatures during annealing process. The broadening in X-ray peaks appears to be due to the nanocrystalline structure in the heat treated films. From the width of X-ray peak with orientation line (230), the crystallite size can be estimated according to (1) . The calculated crystallite sizes for 40 nm film thickness heat treated at 433 and 473 K from peak orientation of (230) are 20.67 and 21.41 nm. The crystallite size from GIIXD pattern for heat treated film at 393 K is not accurately calculated due to the lower intensity of the representative line (230).
The micrograph images with different magnifications of HRTEM for film thickness 40 nm exposed to heat treatment process at different annealing temperatures from 353 to 473 K are illustrated in Figure 3 . Figures 3(a) , 3(c), 3(e), and 3(g) demonstrate the micrograph images at magnification scale 50 nm that shows the nanoparticle of the annealed film at different annealing temperatures. In the other side, Figures  3(b) , 3(d), 3(f), and 3(h) illustrate the long-range order for periodicity of lattice which proved the high crystallinity of annealed films as explained with X-ray patterns and HRTEM diffraction patterns in Figure 2 . Also, it is observed that the crystallinity depends on the annealing temperature; that is, it increases with rising annealing temperature.
The surface morphology of 40 nm film thickness annealed at different temperature has been examined by field emission scanning electron microscope (FESEM) as illustrated in Figure 4 . The heat treated films showed a smooth homogenous surface and the appearance of some aggregates has been realized in Figure 4 is obvious that the values of T and R depend on film thickness. As observed, T values increase with decreasing film thickness, while R values rise with increasing film thickness as depicted in Figure 5 (b).
The study of the absorption coefficient spectra in the region near the fundamental edge provides important information around interband transitions and optical band gap structure of the materials. The absorption coefficient spectra of the prepared annealed films were calculated from transmission and reflection spectra [31] . The calculated values as a function of photon energy are shown in Figure 6 . It is observable from Figure 6 that all the films under investigation have high absorption behavior lying in region of ≥10 5 cm −1 . At energies lower than the band edge, the band tail width, , can be estimated from the slope of straight portion in the plot ln( ) versus photon energy [32] . In this region, the absorption coefficient obeys an exponential behavior according to the following Urbach rule [33] :
where is the band tail width which characterized the localized defect states, is a preexponential factor. The band tail width described the degree of disordered in the localized states of the deposited films. The values of are compiled in Table 1 and cleared as seen in Figure 7 . It is revealed Journal of Nanomaterials that the values of band tail width decrease with increasing film thickness. This means that degree of disordered in representative films decreases as the film thickness rises [34] . Optical band gap energy can be estimated from the Tauc relation [31, 35] .
where is a constant, ] is the wavelength frequency, ℎ represent Planck's constant, and is the exponent which refers to the nature of the band transition, = 1/2 and 2 corresponds to direct and indirect allowed transitions. The values of band gap can be calculated from extrapolation of the best fit lines of the plots of ( ℎ]) 2 against photon energy ( = ℎ]) as drawn in Figure 8 . It is clear that the best linear fit is obtained for = 1/2, which refers to direct allowed transition for all heat treated films with thickness from 7 to 80 nm. The band gap values ranging from 2.00 to 1.68 eV for film thickness increased from 7 to 80 nm. The obtained value (2 eV) of is close to the previously reported results [36] and that reported for thin films of Sb 2 Se 3 prepared via spray pyrolysis technique [37] . Table 1 showed that the band gap was affected by the film thickness, it decreases with rising film thickness, and it is larger than that corresponding to the bulk material of Sb 2 Se 3 which is about 1 eV [36] .
The spectral variations of the calculated refractive index of the investigated heat treatment thin films with different thicknesses were illustrated in Figure 9 . The refractive index increases with increasing film thickness in wavelength spectral range from 1000 to 2500 nm. The inset figure illustrates the variation of refractive index with film thickness at wavelength 2000 nm. It is noted that values increased exponentially from 1.74 to 5.51 as the film thickness increases from 7 to 80 nm.
It is clear from Table 1 that as film thickness increases the particle size increases and both energy gaps and decrease.
The effect of annealing temperature was studied on the optical and electrical properties of 40 nm film thickness to detect the effect of the crystallinity on film behaviors.
Transmission T and reflection spectra for 40 nm film thickness of Sb 37.07 Mn 1.95 Se 60.98 after being annealed at different temperatures were depicted in Figure 10 . The dependence of transmission and reflection values on heat treatment process are observed, resulting in values decreasing as the heat treated temperature increases, while values increase with temperature of heat treatment process. The increment of heat treated temperature leads to imperfection decrement in films under investigation. This result is due to crystallinity increasing after performing heat treatment process as proved by GIIXD patterns (Figure 2 ). The increase in film crystallinity with rising of annealing temperature agrees with that reported at previous results [38] .
The calculated absorption coefficient as a function of photon energy for 40 nm film thickness after heat treated at different temperature was illustrated in Figure 11 . The films have high absorption coefficient values of about 10 5 cm −1 that represent strong absorption values.
According to (3), optical band gap was estimated from the extrapolation of linear part of the curves in Figure 12 , and the best linear fit was observed for exponent = 1/2 (direct allowed transition). The estimated values were collected in Table 2 ; it is observable that the values decrease with increasing heat treated temperature which influence the crystallinity of the thin films. On the other hand, the refractive index of heat treated thin films from 353 to 473 K was shown in Figure 13 . The calculated values of refractive index at 2000 nm were inset in Figure 13 ; it increases with heat treatment as a result of improving crystallinity.
Conductivity is an important property, which gives more reliable information about the transport phenomena and other physical properties of the materials. Electrical conductivity at temperature is given by the following relation [39, 40] :
where is a Boltzmann constant, is a preexponential factor, and represents the material activation energy.
The variation of resistivity with temperature was recorded for all annealed films of 40 nm thickness. The calculated d.c. conductivity versus temperature was depicted in Figure 14 . The electrical conductivity increases with temperature, which indicates the semiconductor behavior of materials [41] . It is obvious from Figure 14 that conductivity has a rapid variation with temperature in the whole temperature range. This means that the current density increases due to the thermal activated process. The linear behavior of ln( ) with reciprocal of temperature for all films indicates that conduction is through the process of thermal activation. The electrical conductivity for all measured films indicates straight lines with one slope, which refers to one type of conduction mechanism.
The activation energy of thin films can be calculated from the slope of the straight lines ( Figure 14 ) and the preexponential factor calculated from the intersection of these straight lines with the ordinate axis. The calculated values of and are assembled in Table 2 . These values of are probably due to the Fermi level shift, and it was found to be nearly equal to half of the obtained optical band gap, indicating that the intrinsic conduction mechanism in measured heat treated thin films of 40 nm thickness is dominant [39, 42] . The intrinsic mechanism in semiconductor materials is due to the carrier mobility. It could be concluded that the heat treatment temperature does not influence the conduction mechanism of the investigated films. Moreover, the activation energy was found to vary with the heat treatment temperature as shown in Figure 15 . Calculated decreases rapidly with increasing heat treated temperature from 353 to 393 K and is approximately constant with higher temperature of 433 and 473 K. The preexponential factor depends on the temperature of heat treatment process; it decreases with increasing heat treatment temperature.
From Table 2 , it could be noticed that rising in temperature of heat treatment at constant heating time results in an increase in particle size which reflects decreasing in other optical and electrical parameters as , , and .
Conclusion
Sb 37.07 Mn 1.95 Se 60.98 nanostructure thin film was physically synthesized with inert gas condensation method. Several thicknesses 7, 20, 40, and 80 nm were deposited on glass substrates and then heat treated for 90 min at 433 K. Film thickness effect on structure and optical properties was examined. Optical band gap was shifted to higher energy (blue shift) with decreasing film thickness. Film thickness of 40 nm was exposed to different annealing temperature ranging from 353 to 473 K. Structure was affected by annealing temperature and blue shift in optical properties is observed with rising temperature. The long-range order of lattice periodicity was cleared in the HRTEM results and lattice crystallinity affected by heat treated process of the films. Some nanoparticle aggregates appear by FESEM due to the exposed of thin film to high annealing temperature. Result of d.c. electrical conductivity for annealed 40 nm revealed an intrinsic conduction mechanism, and the calculated activation energy changed with heat treated temperature. It could be concluded that the crystallinity of annealed Sb 37.07 Mn 1.95 Se 60.98 nanocrystalline films was enhanced and the particle size increases as a result of both effects of increasing film thickness and annealing temperature. This is consequently reflected on their optical and electrical properties by decreasing their direct optical band gap, degree of disorder, and activation energy.
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